First observation of liquid xenon scintillation due to a-particles and y-rays with a large area avalanche photodiode is reported. Energy resolution of 10% (fwhm) and coincidence time resolution of 0.9 ns (fwhm) were measured with 5.5 MeV mparticles and 5 11 keV y-rays, respectively.
I. INTRODUCTION t -
Liquid xenon is a promising medium for detectors of ionising radiation. Large atomic number, relatively high density, high light output and fast decay time make it an excellent scintilla(tor suitable for a number of applications such as particle physics; astrophysics and nuclear medicine. However, its scintillation spectrum lies in the short wavelength region centred at b 1 7 8 nm [l] . Therefore, for efficient detection of liquid xenon scintillation the photodetectors have to be sensitive to the VUV light. Moreover, they must perform under rather severe conditions, namely, low temperature (about -100°C) and external pressure variations. In addition, they have to be compatible with high purity liquid xenon environment.
Several groups used successfully some types of photomultiplier tubes in liquid xenon. Recently developed large area avalanche photodiodes (LAAPD) have higher quantum efficiency, are compact and do not need voltage divider. Low inherent radioactivity and small mass can be a benefit for some applications (search for Weakly Interactive Massive Particles is an example [2] ).
It was shown that good energy and time resolutions can be obtained with a LAAPD coupled to crystal scintillators [3, 4] . LAAPD was also experimented in a gas proportional counter filled with xenon gas [ 5 ] . In our previous work [6], we have demonstrated that LAAPDs can be operated at temperatures down to -100 "C without degradation of their performance. Moreover, the dark current decreases with decreasing temperature by more than four orders of magnitude with respect to room temperature. PA -charge sensitive preamplifier, Amp -3pectrokopy amplifier, MCA -multichannel analyser.
In the present paper we report on first observationsof liquid xenon scintillation due, to a-particles and y-rays awith a large area avalanche photodiode.
THE EXPERIMENTAL SET-UP
We used a windowless LAAPD fiom Advanced Photonix, Inc. [7] with sensitive area of 0.2 cm2. These APDs, manufactured using bevelled-edge technology, are sensitive in the wavelength region from 130 to 1100 nm. They have high quantum efficiency, low dark current and relatively small capacitance (-25 pF at again of 200 [SI). The LAAPD was placed in a small stainless steel chamber (Fig.1) connected to the gas purification system, described elsewhere 191. The chamber was heated to 70°C (maximum storage temperature for the LAAPD [SI) and pumped out to 3xlO-'mbar. Then, purified xenon was circulated through it during several hours to remove residual impurities from the chamber. The chamber was cooled down to -100 "C, approximately, in a bath of alcohol cooled with liquid nitrogen and filled with liquid xenon until the photodiode was completely immersed into the liquid. The temperature during the measurements was stabilised at -102+1 "C being monitored by two platinum thermoresistors glued to the middle and to the bottom of the chamber. The photodiode was operated at bias voltage between 400 and 1700 volts corresponding, at -102"C, to the gain range from 1 to 1200. The set-up for the time resolution measurements. PA -preamplifier, FO -fan-out, SA -shaping amplifier, FA -fast amplifier, CFD -constant fraction discriminator, C --coincidence unit, TAC -time-to-amplitude converter, GG -gate generator
A. Energy resolution measurements
tAn. 241Am a-source deposited on one side of a stainless steel disk was placed at a distance of 15 mm from the photodiode (Fig.1) . The active area of the source was covered with a mask made from stainless. steel foil with a hole of 1.5 mm diameter to restrict the solid angle variation. The LAAPD was connected to a low noise charge sensitive preamplifier (Canberra 2001A). The fact that the dark current at -100 "C is less than 1 pA allowed to connect it as an ordinary solid state detector, i.e. with the bias voltage supplied through the preamplifier. The signal was amplified with a shaping amplifier (Canberra 2021) and fed into a multichannel analyser. All measurements were made with the optimal shaping constant of 1 ps. Calibration of the whole spectrometric channel was made with a pulser connected to the test input of the preamplifier.
Before measuring the energy resolution we measured the dependence of the amplitude of the signal due to an a-particle on the bias voltage. Assuming that the gain is close to unity when the ampliiude does not depend on the voltage, we found that the number of primary electron-hole pairs due to an a-particle, No, was 2400. Afterwards, dividing the output charge of the APD by No, we obtained the dependence of the gain on the bias voltage.
B. Time resolution measurements
Time resolution measurements were carried out with a 22Na positron source placed between the experimental chamber and a bhrium fluoride crystal coupled to a XP2020Q photomultiplier. The bias voltage .was applied to the LAAPD through an external filter, as shown in Fig.2 . The outputs of the photomultiplier and the LAAPD served as start and stop signals, respectively, for the time measurement electronics. In this case we used a fast voltage preamplifier with 50 R input impedance, 3 5 ns risetime and the noise of 10 pV r.m.s.
(corresponds to 6.104 electrons) referred to the input [lo] . Two constant fraction discriminators (Phillips Scientific 7 15) produced the timing signals. One of them was connected directly to the anode of the XP202OQ and the other to the output of the preamplifier through an additional fast amplifier (Phillips Scientific 777). The outputs of these two discriminators were used as START and STOP signals for the time-to-amplitude converter (TAC) ORTEC 566. The coincidence of these signals produced a gate for the peak ADC (LeCroy 2259B), which recorded the output of the,TAC together with the amplitude read from shaping amplifier. This information was stored in a computer for subsequent off-line analysis. This set-up allowed us to measure the +amplitude dependence of the time resolution.
m. RESULTS AND DISCUSSION

A. Energy resolution and quantum efficiency
The pulse height spectra of liquid xenon scintillation due to 5.5 MeV a-particles were acquiied for different values of the APD gain. A typical amplitude spectrum obtained with a gain of 120 is shown in Fig.3 . The dependence of the energy resolution on the gain is presented In Fig.4 .
Three major factors determine the energy resolution in this case: statistical fluctuations of the number of electrons at the photodiode output, the preamplifier noise and variation of th'e light collection efficiency with the position of an a-particle: a where N is the number of electrons at the photodiode output due to a single a-particle, A is the noise at the preamplifier input. 6 takes into account variation of the light collection efficiency. The first term can be calculated as [I 11: 7-59 according to equation ( 1 (2) where No is the number of primary electron-hole pairs. F is the excess noise factor and can be estimated by The value of A was found experimentally whh a test pulse fed through a known capacitance to the input of the preamplifier. It varies slightly with the gain due to the fact that the LAAPD capacitance depends on' the bias voltage. For M>3, however, it is practically constant and equal to 240 electrons r.m.s. The shot noise due to dark current of APD is very small at -100 "C (about few electrons) [6].
As one can see in Fig.4 : for gains lower-than 10 the preamplifier noise contributes significantly. For gains larger than 200 the resolution is getting worse as the excess noise factor increases with the increase of the gain. For the gain in the range between these two values the resolution is practically constant and is about 10%. 
where E, is the energy of the a-particle, W, the average energy required per one scintiilation photon in liquid xenon and Q the solid angle.
Taking WS=16.3eV [12] , E,=5.5x106 eV,. 4li/Q=l50 and N0=2400 one gets Q -100%.
B. Time resolution
For the geometry of Fig.2 ,the solid angle, depends considerably on the position where the scintillation was produced in liquid xenon by the y-photon. Therefore, the events were grouped by amplitude and the width of timeinterval distribution was found for each amplitude group. This procedure allows measuring the time resolution as a function of No in the range from 1,000 to 10,000 primary electron-hole pairs. Fig. 5 shows the results obtained for gains of 280, 605 and 1208. In all cases, the discriminator threshold referenced to the input of the preamplifier was set to 50 pV, i.e. five standard deviations above the preamplifier noise. For lower values of the threshold, the rate of random coincidences was too large. . .
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-r . For a given gain, time resolution improves with increase of the number of photons reaching the photodiode. For fixed No, it is better for higher gains, The best resolution, 0.78 ns fwhm, was achieved with the gain of 605 atfNo~7800.
Contribution from the noise at the preamplifier' input to time resolution can be calculated according to equation [ 
131
From this we can conclude that LAAPD maintains its good timing properties at low temperature. risetime of the preamplifier.
With 0,=10 yV, ~~3 . 5 ns, M=600 and u,,,=lOOyV (measured with the oscilloscope) one can estimate from (6) At-0.8 ns for No=lOOO. Therefore, the major contribution to the time resolution does not come from the signal-to-noise ratio.
The data obtained for gain M=280 is in a good agreement with the results for LSO and YAP scintillator crystals coupled to a LAAPD similar to one that we used [3] . These crystals have decay times of 40 ns and 26.7 ns respectively, which is close to that of liquid xenon (45 ns [14] Akira Hitachi received a fellowship from FundaGBo Oriente, Portugal.
7-6 1
